the genetics and stability of fenpyroximate resistance in T. urticae were examined to provide basic information for the establishment of an effective resistance management program for this pest.
MATERIALS AND METHODS
Mite strains. The original strain of T. urticae (green-form) was collected from a commercial strawberry (Fragaria sp.) field in Atibaia, State of São Paulo in September 1999, and reared on bean plants, Canavalia ensiformis L., under laboratory conditions at 25Ϯ1°C, 70Ϯ5% RH and a 14-h photoperiod.
Toxicity tests. These tests were based on the method described by Knight et al. (1990) . Twenty adult females of T. urticae were placed on a beanleaf disc (4 cm diameter) on water-soaked cotton in a Petri dish (9 cm diameter). The prepared suspension of acaricide (2 ml) was sprayed onto the leafdisc mites using a Potter spray tower (Burkard Manufacturing, Rickmansworth, Herts, UK), at 68.9 kPa. Preliminary tests indicated that 1.6 mg/ cm 2 of distilled water was sprayed on the leaf disc with this volume and pressure. Thereafter, the mites on the leaf disc were kept at 25Ϯ1°C and a 14-h photoperiod for 48 h after treatment. Individual mite survival was determined by touching each mite with a fine brush. Mites which were unable to walk at least a distance equivalent to their body length were considered dead. Each experiment was replicated at least three times. Pooled data were subjected to Probit analysis (PC-Probit) and LC 50 and LC 95 with respective 95% CL were estimated (Finney, 1971) .
Selection for resistance. Females of the original strain were selected for resistance to fenpyroximate. Fifty adult females on a bean-leaf disc (4 cm diameter) were sprayed with fenpyroximate using the Potter spray tower, as described above. Selection pressure was maintained by varying the concentration so that 35 to 50% of female mites survived for the succeeding generations. Survivors after 48 h were used to initiate the next generation. At least 1,950 mites were used in each selection (see Table 1 ). The intervals between selections varied from 19 to 28 days.
Selection for susceptibility. The selections for fenpyroximate susceptibility were conducted using gravid T. urticae females from the original strain, collected from strawberry. The mites were individually placed on a bean-leaf disc (2.5 cm diameter) on water-soaked cotton in a Petri dish for 48 h. On average, each female oviposited 12.0 eggs. After this period, the female was transferred to another leaf-disc arena (prepared as described earlier) and treated with fenpyroximate using the Potter spray tower. Decreasing concentrations of fenpyroximate were used for each selection, causing mortality of 29-33%. Only progeny of dead females were used to produce the next generation. The intervals between selections varied between 20 to 36 days.
Mode of inheritance. The study on the inheritance of fenpyroximate resistance in T. urticae was based on the method described by Goka (1998) . The selected R and S strains were reciprocally crossed to produce F 1 females. The crosses were performed as follows: approximately 500 teliochrysalid females (virgin) of either the R or S strain were placed on leaf-disc arenas (25 mites per arena) and maintained under 25Ϯ1°C, 70Ϯ5% RH and a 14-h photoperiod. After they became adults, approximately 1,000 adult males (50 males per arena) of the opposite strain were added to allow copulation. The females were then allowed to lay eggs for two days. In order to ensure a sufficient number of mites, the females were transferred to new arenas and maintained for an additional period of two days for egg laying. After this period, all adults were removed from the arenas. The eggs (as described above) were reared to the adult stage (F 1 hybrids) under the same conditions. The F 1 females obtained were used three days after maturation for toxicological tests with fenpyroximate, using the same bioassay method described earlier.
In order to obtain F 2 , F 1 females (obtained from female Sϫmale R) and males S were allowed to mate. Because males are haploid and inherit their genes only from the maternal side, the F 2 female progeny obtained from the crosses are genetically equivalent to backcross females. Approximately 600 mated F 1 females were transferred to leaf disc arenas (60 per arena) to lay eggs for two days. After this period, all the F 1 adult females were eliminated from the arenas. Three days after maturation, the F 2 females were tested with fenpyroximate. Thirteen concentrations of fenpyroximate (between 3.12 and 6,400 ppm) were used to obtain the concentration-mortality (C-M) line for F 2 fe-males.
The degree of dominance (D) was estimated for the F 1 females using the formula:
In which X 1 is the log of the LC 50 of the R strain, X 2 is the log of the LC 50 of the F 1 females and X 3 is the log of the LC 50 of the S strain (Stone, 1968) .
The expected concentration-mortality lines for the F 2 females, estimated on the basis of a single major gene, were calculated as described by Georghiou (1969) . The expected responses of the F 2 generation for each concentration tested, assuming simple Mendelian inheritance, can be obtained with the following formula:
where X is the expected mortality at a given concentration y and W is the observed mortality of the parental types at a given concentration. A Chisquare (c 2 ) analysis was used to test the goodness of fit between the observed and expected mortalities (Finney, 1971 ) in order to accept or reject the null hypothesis that resistance fit the model of a single major gene inheritance.
Cross-resistance. Cross-resistance relationships between fenpyroximate and eight other acaricides were evaluated using the selected resistant (R) and susceptible (S) populations of T. urticae. The bioassay method used for all chemicals was the same as described earlier for fenpyroximate (toxicity tests), except for the pyrethroid fenpropathrin. Because synthetic pyrethroids are known to cause mites to abandon treated leaves (Mochizuki, 1994) , the conventional method was slightly modified for fenpropathrin. Adult females were introduced onto a small bean-leaf disc (2.5 cm diameter) on a wet filter paper in a Petri dish. Immediately after pesticide treatment, the disc was placed on another untreated disc (5 cm diameter) on water soaked cotton in a Petri dish. By this method, mites which escaped from the treated disc were caught on the untreated disc. Mortality was assessed 48 h after treatment in the same manner as described earlier. In the case of propargite, the evaluations were carried out after 72 h.
Stability of resistance. For this study, the frequencies of fenpyroximate resistance were evaluated monthly in three populations with different initial percentage (25%, 50% and 75%) of resistant mites. These populations were obtained using different proportions of mites from the selected resistant and susceptible populations of T. urticae. Each population was kept on bean plants (C. ensiformis) (cultivated in plastic pots) free of any pesticide treatment, in transparent plastic recipients with 32ϫ42ϫ48 cm. The recipients were maintained under 25Ϯ1°C, 70Ϯ5% RH and a 14-h photoperiod. At this temperature, the duration of the developmental period (egg to adult) and the mean generation time (T) of T. urticae were reported to be around 9.8 and 16.2 days, respectively (Saito, 1979) .
The initial population (RϩS) in each recipient contained 1,000 mites (adult females). The T. urticae population size in each box (with at least 25 bean plants) was much larger than 1,000 mites during all the period of the study.
The evaluations were carried out by observing the percentage of surviving mites 48 h after pesticide application, using the discriminating concentration of 46.3 ppm of fenpyroximate. This concentration corresponded to the LC 99 of fenpyroximate for the selected susceptible strain of T. urticae. The discriminating concentration was able to kill about 100% of susceptible mites without affecting the resistant population.
The bioassay method was the same as described
earlier (toxicity tests). The experiment consisted of four replicates and a total of 240 adult females were used for each treatment during each monthly evaluation. Comparisons of the frequencies of resistance for each treatment for the different evaluations were conducted using the Student's t test (pϽ0.05).
RESULTS

Selections for resistance and susceptibility
The results of successive selections for resistance and susceptibility in T. urticae are shown in Tables 1 and 2 . After five selections for resistance, the LC 50 of fenpyroximate increased from 111 to 10,900 ppm. The LC 95 increased from 771 to 44,700 ppm. Regarding the selection for susceptibility, after three selections, the LC 50 of the insecticide decreased from 111 to 3.74 ppm. The LC 95 also decreased from 771 to 19.6 ppm. These results indicate that most resistance genes might have been removed from the population and a more susceptible and homogeneous population was established after this kind of selection. The final resistance ratio (R/S) reached 2,910 at LC 50 and 2,280 at LC 95 at the end of both selection processes. 
Mode of inheritance
The data sets of the LC 50 and slope of the concentration-mortality line of the S strain were 3.74 ppm (95% CL: 3.15-4.44) and 2.13 (SEϭ0.08 and nϭ420), respectively (Fig. 1) . Those of the R strain were 10,900 ppm (95% CL: 9,060-13,500) and 2.08 (SEϭ0.10 and nϭ360), respectively.
The C-M lines for the reciprocal F 1 females were similar and intermediate between the parental lines (Fig. 1) . The data sets of the LC 50 s and the slopes of the F 1 C-M lines were 2,040 ppm (95% CL: 1,600-2,630) and 1.26 (SEϭ0.05 and nϭ480) for the cross R femaleϫS male, respectively; and 1,550 ppm (95% CL: 1,200-2,000) and 1.21 (SEϭ0.05 and nϭ480) for the cross S femaleϫR male, respectively. The values for the degree of dominance (D) were 0.511 and 0.580 for S femaleϫR male and R femaleϫS male, respectively. These results indicate that the fenpyroximate resistance is incompletely dominant with apparently no maternal effect involved.
As fenpyroximate resistance in T. urticae was shown to be incompletely dominant in reciprocal crosses, we investigated only the resistance of the offspring of the cross (S femaleϫR male) femaleϫ S male. The Chi-square (c 2 ) goodness-of-fit analysis indicated that the observed mortalities of the F 2 females from this cross were not significantly different (c 2 ϭ13.47, dfϭ12, pϾ0.05) from the expected values for single gene control. The results suggest that the resistance to fenpyroximate in T. urticae is under monogenic control (Fig. 2) . The pronounced plateau (at about 50% mortality) in response to the backcross emphasizes that a single factor confers a high level of resistance to fenpyroximate.
Cross-resistance
The activities of nine different pesticides against both strains (R and S) of T. urticae are shown in Table 3 . The highest resistance ratios (at LC 50 ) were observed for fenpyroximate (2,910), and are followed by pyridaben (53.1) and dimethoate (4.64). The results indicate positive cross-resistance between fenpyroximate and the last two chemicals mentioned. In the case of chlorfenapyr, although no difference was detected at LC 50 , a small but significant difference was detected at LC 95 . The resistance ratio (R/S) for chlorfenapyr at LC 95 was 1.93. No cross-resistance was detected for the acaricides propargite, abamectin, milbemectin, fenpropathrin and cyhexatin.
Stability of resistance
The results indicate that the frequencies of fenpyroximate resistance decline significantly in the absence of selection pressure. However, the rate of decline is not high (Fig. 3) . For the population with an initial resistance frequency of 75%, the percentage of resistant mites decreased to 49.6% in one year. A significant decrease (t test: pϽ0.05) (in comparison to the first evaluation) was observed only after 11 months. For the population with initial resistance frequency of 50%, the percentage of resistant mites decreased to 31.7% during this period. A significant decrease was observed only at the last evaluation (12 months). In the case of the population with an initial frequency of 25% of resistant mites, there was no significant decrease in the frequency of resistance during 12 months. 
DISCUSSION
The purpose of selection for susceptibility was to remove the gene responsible for fenpyroximate resistance, and then to produce a strain more susceptible to the insecticide. Although selection for susceptibility has been efficient in T. urticae, decreasing up to 29.7 times the LC 50 of fenpyroximate, the selection for susceptibility to hexythiazox was not as efficient in Panonychus citri (McGregor) (Yamamoto et al., 1995) . In this case, the LC 50 of hexythiazox decreased only slightly after five selections for susceptibility. It was assumed that in the original unselected strain of P. citri, the gene frequency for hexythiazox resistance might have been low (Yamamoto et al., 1995) . The original population of T. urticae, collected from a strawberry field in the State of São Paulo, was already moderately resistant to fenpyroximate (even before the selection pressure in the laboratory). The initial LC 50 (111 ppm) was 2.2 times higher than the recommended dose (50 ppm) of this chemical for the control of T. urticae on various crops in Brazil (Andrei, 1999) .
Fenpyroximate was registered for strawberry in Brazil in November of 1998, but this product has been used on other crops since 1993. The strawberry field from where the population of T. urticae was obtained had received no more than two applications of fenpyroximate, before the collection of mites (September 1999). Abamectin and cyhexatin have been used with higher frequency against spider mites on this crop. Other chemicals, such as organophosphate compounds (e.g. dimethoate, acephate) have commonly been applied for the control of insect pests (e.g. Aphis forbesi Weed) on this field.
One factor that may have contributed to the development of fenpyroximate resistance in this field population of T. urticae was the migration of mites from other crops (e.g. chrysanthemum, roses) around this area with strawberry, where the selection pressure with METI (mitochondrial electron transport inhibitor)-acaricides was higher. This field was located in a windy region with favorable conditions for long distance movement of spider mites.
The rapid evolution of fenpyroximate resistance in T. urticae reported in the present study (under laboratory conditions) indicates that if this pesticide is used continuously in the field, high resistant mite populations may appear in a short period of time. The maximum LC 50 of fenpyroximate observed after the selection pressure was 10,900 ppm, which corresponds to a concentration 218 times higher than the recommended concentration of this chemical for strawberry in Brazil.
The positive cross-resistance observed between fenpyroximate and pyridaben (RR at LC 50 ϭ53.3) in T. urticae seemed likely (Sasaki and Sato, 1994) , because of the similarity in chemical structure and mode of action of these pesticides (Asada, 1995) . Both compounds act by inhibiting complex I of the mitochondrial electron transport chain Hirata et al., 1995; Wood et al., 1996) . The cross-resistance among METI-acaricides in T. urticae has already been reported by some authors (Herron and Rophail, 1998; Devine et al., 2001; Stumpf and Nauen, 2001 ).
METI-resistance was also examined by Goka (1998) in a Japanese strain of Tetranychus kanzawai Kishida, which was exposed to METI-acaricides in the field and further selected in the laboratory. Such a field strain of T. kanzawai developed 1,270-, and 134-fold resistance to fenpyroximate and pyridaben, respectively (Goka, 1988) . The author reported that inheritance of the resistance was incompletely dominant for fenpyroximate, but completely recessive for pyridaben. Because of these differences in the mode of inheritance of the METI-acaricide resistance, Goka (1998) suggested that more than one mechanism must be present in his strain and that the mechanism conferring pyridaben resistance was different from that conferring fenpyroximate resistance.
In our study with the Atibaia strain of T. urticae, the resistance ratios observed for fenpyroximate (2,910 at LC 50 and 2,280 at LC 95 ) were also much higher than those observed for pyridaben (53.1 at LC 50 and 88.9 at LC 95 ), following the same tendency as observed by Goka (1998) in the selection experiments with METI-acaricides in a Japanese strain of T. kanzawai. If METI-acaricide resistance is caused by target site insensitivity, the big difference in resistance ratio between fenpyroximate and pyridaben might be derived by the difference of METI-acaricide affinity to the target site. All METIs are compounds containing heterocyclic rings with two nitrogen atoms associated with long hydrophobic tail structures with at least one tertiary butyl group. Consequently, hydroxylation of this group is possibly the common mechanism of oxidative detoxification for all METIs in T. urticae (Stumpf and Nauen, 2001) . Increased oxidative metabolism was considered an important mechanism of resistance in two METI-resistant strains (AKITA and UK-99) of T. urticae (Stumpf and Nauen, 2001) . If an increase in the oxidative metabolism is also involved in the fenpyroximate resistance in the Atibaia-R strain of T. urticae, one possible explanation for the differences in resistance ratio observed for fenpyroximate and pyridaben is that the enzymes (cytochrome P450-dependent monooxygenases) related to the metabolism of fenpyroximate have lower affinity with pyridaben.
Although resistance in mites is usually specific to a selecting chemical with little or no effect on the response to dissimilar chemical groups (Cranham and Helle, 1985) , a small cross-resistance value was detected between fenpyroximate and the organophosphate insecticide dimethoate (acetylcholinesterase inhibitor). In addition, slight differences (at LC 95 ) between S and R strains of T. urticae were observed for chlorfenapyr (pyrrole compound) which has another different mode of action. This acaricide acts as a metabolic toxin and works by uncoupling oxidative phosphorylation in mitochondria (Black et al., 1994) . Target sites of dimethoate and chlorfenapyr are different from that of fenpyroximate. Thus, these cross-resistances might be caused by metabolic enzymes such as P450-dependent monooxygenases, not by target site insensitivity.
In the case of dimethoate for which the Atibaia-R strain of T. urticae was only 4.64-(at LC 50 ) to 8.41-fold (at LC 95 ) more resistant than the susceptible strain, probably the mechanism conferring resistance to fenpyroximate was of minor importance in the development of resistance to dimethoate. Stumpf and Nauen (2001) detected 22-fold resistance to dicofol in a METI-resistant strain (AKITA) of T. urticae. According to the authors, this crossresistance toward dicofol seems to be the result of enhanced oxidative detoxification (Stumpf and Nauen, 2001) .
The cross-resistance study in the Atibaia-R strain of T. urticae indicated that pyridaben should be avoided in pest control programs (pesticide rotation or mixture) to delay the development of fenpyroximate resistance. In this study, dimethoate showed a very low toxicity to the Atibaia-S strain of T. urticae. This might be caused by high resistance of Atibaia strain of T. urticae to dimethoate. The susceptible strain was selected by fenpyroximate, but due to low cross-resistance, this fenpyroximate selection for susceptibility could not remove the dimethoate resistance gene from the strain.
The mode of inheritance of resistance varied between acaricides, mite species and mite strains (Rizzieri et al., 1988; Hoy and Conley, 1989; Keena and Granett, 1990; Herron and Rophail, 1993; Yamamoto et al., 1995; Goka, 1998; Uesugi et al., 2002) . The fenpyroximate resistance in T. kanzawai was considered to be incompletely dominant, controlled by a single major gene (Goka, 1998) , and therefore, similar to our results with T. urticae. Devine et al. (2001) also reported an incompletely dominant trait for METI-acaricide resistance in T. urticae.
Monogenic resistance is considered more likely to spread within populations than polygenic resistance (Roush and McKenzie, 1987) . Croft and Van de Baan (1988) reported that recessive resistance tends to be less stable than monogenic resistance in the field and offers the greatest opportunity to manage resistance. Consequently, the monogenic and dominant resistance observed for T. urticae in the present study, may not be easily managed in the field.
To maintain the usefulness of fenpyroximate for growers it is imperative that its use be carefully managed. One of the strategies to prolong the efficacy of this acaricide in the field is the rotation of fenpyroximate with other acaricides, such as propargite, milbemectin, abamectin, fenpropathrin or cyhexatin. For these chemicals no positive crossresistance was detected.
The purpose of the study on the dynamics of fenpyroximate resistance in the Atibaia strain of T. urticae was to evaluate whether resistance in this strain was stable under laboratory conditions. The investigation of the changes in the resistance frequencies in three populations (originated from Atibaia strain) with different initial percentage of resistant mites (75, 50 and 25%) indicated that the patterns of decline of fenpyroximate resistance were similar for these populations.
The frequencies of fenpyroximate resistance declined significantly in the absence of selection pressure, however the rate of decline was not high. A decrease of 25.4% in the percentage of resistant mites was observed for the population with the highest frequency of resistant mites (75%), in 12 months. In the same period, a decrease of 18.3% was observed in the percentage of resistant mites for the population with initial resistance frequency of 50%. Although no significant decrease in resistance frequency was observed for the population with the lowest initial percentage of resistant mites, the resistance frequency decreased numerically from 25 to 17.4%, in 12 months.
If we consider the decreasing ratios ͕[(initial freq.Ϫfinal freq.)Ϭinitial freq.]ϫ100͖ of resistance frequency, we can observe that their values were similar for these three populations. The decreasing ratios in 12 months were 33.9, 36.6 and 30.4% for the populations with 75, 50 and 25%, respectively, of initial resistance frequency. Following this tendency of decrease, a period of around two years may be required for the decrease of resistance frequency from 75% to 31%, however, an additional period of several years may still be necessary for the complete reestablishment of susceptibility in this strain of T. urticae.
Stability of acaricide resistance has also been studied for various acaricides in T. urticae and other species of spider mites (Dennehy et al., 1990; Yamamoto et al., 1996; Stumpf and Nauen, 2002) . In the case of dicofol, the resistance in T. urticae was considered unstable in the absence of selection pressure (Fergusson-Kolmes et al., 1991) , being favorable for the management of resistance.
This work is the first study on METI-acaricide resistance in T. urticae carried out in Brazil, in order to obtain basic information for the management of the acaricide resistance in this pest. An improved understanding of fenpyroximate resistance in T. urticae is still necessary to prepare a reliable resistance management program to prolong the efficient use of this chemical for the control of this pest in several crops in Brazil.
